The essential double-ring eukaryotic chaperonin TRiC/CCT (TCP1-ring complex or chaperonin containing TCP1) assists the folding of ∼5-10% of the cellular proteome. Many TRiC substrates cannot be folded by other chaperonins from prokaryotes or archaea. These unique folding properties are likely linked to TRiC's unique heterooligomeric subunit organization, whereby each ring consists of eight different paralogous subunits in an arrangement that remains uncertain. Using single particle cryo-EM without imposing symmetry, we determined the mammalian TRiC structure at 4.7-Å resolution. This revealed the existence of a 2-fold axis between its two rings resulting in two homotypic subunit interactions across the rings. A subsequent 2-fold symmetrized map yielded a 4.0-Å resolution structure that evinces the densities of a large fraction of side chains, loops, and insertions. These features permitted unambiguous identification of all eight individual subunits, despite their sequence similarity. Independent biochemical near-neighbor analysis supports our cryo-EM derived TRiC subunit arrangement. We obtained a Cα backbone model for each subunit from an initial homology model refined against the cryo-EM density. A subsequently optimized atomic model for a subunit showed ∼95% of the main chain dihedral angles in the allowable regions of the Ramachandran plot. The determination of the TRiC subunit arrangement opens the way to understand its unique function and mechanism. In particular, an unevenly distributed positively charged wall lining the closed folding chamber of TRiC differs strikingly from that of prokaryotic and archaeal chaperonins. These interior surface chemical properties likely play an important role in TRiC's cellular substrate specificity.
4.0-Å resolution cryo-EM structure of the mammalian chaperonin TRiC/CCT reveals its unique subunit arrangement efective protein folding is emerging as the molecular basis underlying a growing number of human diseases, ranging from cancer and heart disease (1) to aggregation-linked neurodegenerative diseases such as Alzheimer's, Huntington, and mad cow disease (2, 3) . The eukaryotic group II chaperonin TRiC (also known as CCT) is a central mediator of cytosolic protein folding and assembly (4, 5) . TRiC also appears important for the prevention of protein aggregation and toxicity (6) (7) (8) . TRiC is essential for cell viability, as it assists the folding of many essential proteins, including actin, tubulin, and many cell cycle regulators and signaling molecules (9, 10) . Notably, a number of TRiC substrates cannot be folded by other chaperonins, suggesting that TRiC possesses unique structural and mechanistic properties that distinguish it functionally from other chaperonins (11, 12) .
All chaperonins share a double-ring architecture, where each ring contains a central cavity that binds and folds substrate proteins. TRiC, a 1 MDa group II chaperonin, facilitates folding through the ATPase driven closure of a built-in lid that encloses the substrate in the central chamber (13) (14) (15) (16) . Each ring of TRiC consists of eight distinct but related subunits sharing 27-39% sequence identity (Fig. S1 ) (13, 17) . In contrast, bacterial (18) and archael chaperonins (19) only have 1-3 different types of subunits, and for those archaea with three types of subunits, it is unclear whether in the natural organism they form homo-or heterooligomeric chaperonins (20) . The divergence of TRiC subunits occurred early in the evolution of eukaryotes, because all eukaryotes sequenced to date carry genes for all eight subunits; orthologs of the various subunits across species are more similar than paralogs within a single species (17) . Having eight distinct subunits may have allowed the diversification of substrate binding sites and activities within the ring of TRiC. Actin, tubulin (21, 22) , Huntingtin (8) , and the von Hippel-Lindau tumor suppressor (23) are all recognized by distinct subsets of TRiC subunits through specific motifs; this directed binding may provide specificity for TRiC in the folding process. Accordingly, elucidating the subunit arrangement within the complex is essential to determine how TRiC affects the conformation and folding pathway of its substrates.
Understanding the molecular basis of the specific folding capacity of TRiC has been hindered by the paucity of structural information on this complex. An intraring subunit arrangement proposed from analysis of spontaneously dissociated TRiC complexes remains untested (24) . Previous cryo-EM studies of TRiC achieved only up to ∼15-Å resolution with imposed 8-fold symmetry (13, 25, 26) , inadequate to resolve the asymmetry between the eight structurally similar subunits. Here we present a high-resolution cryo-EM structure of mammalian TRiC, derived without imposing any symmetry among the eight subunits. Our analysis reveals (i) a 2-fold axis of symmetry between the two rings of TRiC, and (ii) its intraring subunit arrangement. The structure-derived subunit arrangement of TRiC is supported by cross-linking analysis. Our study provides a structural baseline to elucidate the complicated mechanisms of substrate recognition, folding and cooperativity in TRiC.
Results

4.7-Å Resolution Map with No Symmetry Enforced.
We used cryo-EM to determine the structure of bovine TRiC in the presence of ATP-AlFx. This biochemical preparation generated a homogeneous both-ring-closed conformation in all the particles (Fig. 1A) . Using ∼101; 000 particle images, we calculated a density map without any imposed symmetry employing EMAN, a single particle reconstruction package (27, 28) . At 4.7-Å resolution of this asymmetric map (Fig. 1B and Fig. S2A) , it was possible to unambiguously delineate the 16 individual subunits in the complex. Moreover, the α-helix pitch, β-strand separation, and some of the bulky side-chain densities and loop regions were resolved in all subunits (Fig. S2B ). Of note, this level of detail is sufficient to observe relatively small structural differences, i.e., insertions and differences in amino acid composition, among the subunits. To avoid any initial arrangement bias in our analysis, we have arbitrarily named the rings a, encompassing subunits a i -a viii , and b, with subunits b i -b viii (Fig. 1B) , labeled clockwise looking down on either end of the map.
One outstanding question about the organization of TRiC is whether both rings have the same subunit arrangement and, if so, what is the relative orientation of the rings. Because the structure was determined with no symmetry imposed, we were able to compare the two rings as well as use unique structural features in each subunit to answer these questions unambiguously.
An exhaustive correlation analysis, carried out by pairwise comparison between each computationally extracted subunit in one ring and each of the eight subunits in the other ring, reveals that the ordering of the subunits in the two rings is identical. A subsequent rotational correlation analysis between the two rings shows one pronounced peak at 0° (Fig. 1C) , pinpointing the location of the 2-fold axis between the rings (Fig. 1B) . These analyses identify the relative orientation of the rings and localize the 2-fold symmetry axis between them. In this arrangement, two opposing subunits (a i and a v ) are directly aligned with the same subunits in the opposing ring (b i and b v ). As a result, two subunits (a iii and a vii ) are related 180°azimuthally from their equivalent subunits in b ring and the remaining four subunits (a ii , a iv , a vi , and a viii ) are related 90°azimuthally to their equivalents in the b ring (Fig. 1D ). This two-ring arrangement pattern is different from the previous report hypothesized from low-resolution cryo-EM maps (26) .
Identification of Intraring Subunit Arrangement. Exploiting the existence and position of the 2-fold symmetry axis, a new TRiC structure was computed enforcing the 2-fold symmetry. This produced an improved map with ∼4.0-Å resolution (Fig. S2 ), in which a large proportion of the side-chain densities was visible in all the subunits (Fig. 2) . These identifiable structural features were used to unambiguously localize subunit-specific sequences and thus assign which subunits corresponded to the densities within the ring.
To start the identification process, we first constructed an initial homology model for each subunit of bovine TRiC based on the homologous group II chaperonins (13): the thermosome [1A6E, (19) ] and KS-1 [1Q3Q, (29) ]. Herein we denote the TRiC subunits by both their CCT number and a Greek letter, i.e., CCT1 (α), CCT2(β), CCT3(γ), CCT4(δ), CCT5(ϵ), CCT6(ζ), CCT7(η), and CCT8(θ). Because all eight TRiC subunits share a high level of sequence identity (Fig. S1A) , we would anticipate that the subunit densities are quite similar. However, sequence alignment of the eight bovine TRiC subunits (Fig. S1A ) reveals substantial variations in the apical domain, particularly helix H8 and the adjacent connecting long loop ( Fig. 2A and B) . In addition, unique insertions are found in several subunits, including CCT1(α) (equatorial domain, 471 NPERKNLK 478 ), and CCT4(δ) (apical domain, 283 ILRDA 287 ) (Fig. S1A ). These insertions are predicted to form loops based on our homology models and provide characteristic features that, together with the diagnostic apical domain regions, allowed us to identify the individual subunits in the maps.
Next, each subunit density was evaluated against each of the eight possible homology models, with a special focus on the most divergent sequence regions in the apical domain ( Fig. 2A and B) . For instance, the side-chain densities of the subunit a i map gives the best match to the model CCT8(θ) as shown in Fig. 2C Fig. 2B ) matched the larger side-chain densities unambiguously visualized in the a i map (red characters in Fig. 2C ). The side-chain densities in these apical regions were similarly matched to unique sequences in the other seven subunits (Fig. 2D-J) .
Analyses of other unique sequence insertions (Fig. S3 ) and characteristic sequence stretches (Fig. S4 ) provided independent evidence for the identification of the eight subunits. For instance, CCT6(ζ) has a unique insertion loop ( 473 VCGDSDKGF 481 ) right after helix H8 (Fig. S1A) . Fig. S3C demonstrates that the subunit a iv map most closely matches the CCT6(ζ) model; indeed the a iv map clearly depicts the extra density in the corresponding insertion loop region, along with the unique stretch 270 KK 271 of CCT6 (ζ) and some of the bulky side-chain densities (i.e., D278, K279, and F281). In contrast, fitting any of the other seven models did not produce a match, leaving this insertion loop density unoccupied (e.g., Fig. S3D shows that CCT2(β) did not fit to the a iv subunit map). Furthermore, the insertion loops of several other subunits, including CCT3(γ) (Fig. S3A) , CCT1(α) (Fig. S3E) , and CCT4(δ) (Fig. S3G) , were also identified as the best match to the corresponding densities. The above two sets of independent evidence (Fig. 2 and Figs. S3 and S4 ) provide a consistent intraring subunit arrangement of TRiC.
We next optimized the Cα model for each subunit from the initial homology model with the constraint of the corresponding cryo-EM subunit map, concurrently improving the peptide geometry. The optimized Cα model of the TRiC complex is shown in Fig. 3A . Viewed from the top of the map (Fig. 3A and B) , the subunits follow the following clockwise arrangement: CCT8(θ), CCT3(γ), CCT2(β), CCT6(ζ), CCT1(α), CCT7(η), CCT5(ϵ), and CCT4(δ). The arrangement is identical in the trans ring, thus creating two pairs of homotypic interring interactions: CCT1(α)-CCT1(α) and CCT8(θ)-CCT8(θ) (Fig. 3B) . Our structure-based subunit ordering differs substantially from the previous proposal based on the analysis of spontaneously dissociated dimers in extracts (24) .
Validation of Subunit Arrangement by Biochemical Near-Neighbor
Analysis. An independent assessment of the TRiC subunits arrangement was provided by chemical cross-linking of adjacent subunits in the intact chaperonin (Fig. S5 , Table S1 , and SI Methods). Formaldehyde, which has one of the shortest crosslinking spans (<3 Å) was used to yield specific covalent adducts between neighboring chaperonin subunits both within a single ring and across the rings (30, 31) . Given the similarity in molecular weight and isoelectric point of the TRiC subunits, and hence of their covalently linked dimers, we separated the cross-linked subunits by 2D-PAGE (Fig. S5B) . Well-separated spots corresponding in size to a dimer of TRiC subunit were excised, and MS was used to identify the subunits present in each spot. Covalently linked near neighbors were inferred from these spots that had multiple peptides corresponding to only two TRiC subunits. This approach identified several unambiguous neighboring subunit pairs (Fig. 3C, Fig. S5C , and Table S1 ), all of which were consistent with our cryo-EM-derived subunit arrangement (Fig. 3B) . Of note, several of these determined cross-links were inconsistent with previously proposed subunit arrangement of TRiC (24, 26) . For instance, the prominent CCT2(β)-CCT5(ϵ) cross-link ( Fig. 3C and Fig. S5C ) is fully inconsistent with previous models (24, 26) , but agrees with an interring contact proposed by our cryo-EM-derived structure (Fig. 3B) . In case of the CCT8(θ)-CCT8(θ) dimer, obtained by cross-linking ( Fig. 3C and Fig. S5C ), this covalent adduct can only arise from the homotypic interring contact of two CCT8(θ) subunits, as shown by our cryo-EM-derived structure (Fig. 3B) . This biochemical analysis thus supports our cryo-EM-derived subunit arrangement and model.
Optimization and Validation of the TRiC Model. Our cryo-EM structure clearly resolves many side chains within the subunits. In X-ray crystallography, density maps determined at ∼4.0-Å resolution range are often considered marginal for determining the atomistic structures (32) . However, recent studies have shown that it is indeed possible to reliably build a de novo Cα model directly from cryo-EM density map in this resolution range (28, 33) . It should also be noted that our density map (Fig. 1B) was directly computed from the raw images (Fig. 1A) and not biased by any atomic model.
In order to assess the ultimate quality of our map and model, we optimized the full atomic model from the initial Cα chain trace by matching it to the map and the visible side-chain densities for three randomly chosen subunits: CCT2(β), CCT1(α), and CCT7(η). Fig. 4A shows the atomic model of the CCT2(β) subunit. The Ramachandran plot of this optimized model shows that over 95% of the main chain dihedral angles fall within allowable regions (Fig. 4B) , demonstrating the quality of the final model to follow the protein stereochemistry. Optimized atomic models of the other two subunits show similar quality.
To further validate our model, we compare the only available TRiC domain crystal structure [i.e., the apical domain of mouse CCT3(γ) (34) ] with our corresponding model. Because the crystal structure was not used as a template to build our model, 1GML can serve as a quality check. The good match between our model and 1GML (Fig. S6) validates the reliability of our model and thus, the quality of our map.
Discussion
Unlike most chaperonins, which have one to three distinct subunits, TCP1-ring complex or chaperonin containing TCP1 (TRiC/ CCT) has eight distinct, but similar, subunits. The subunits are sufficiently similar that determining individual particle orientation with sufficient precision would require very high resolution. Considering also the roughly spherical shape of the both-ringclosed conformation (Fig. 1A and B) , the determination of particle orientation of TRiC presented even more challenges than other asymmetric structures studied so far by cryo-EM. Approximately 35% of the ∼160; 000 particles lacked sufficient contrast even at this resolution to unambiguously assign their orientation. Identifying and eliminating these particles using custom software Fig. 3 . The optimized Cα model of the entire TRiC complex with its 16 subunits in the spatial arrangement determined by our cryo-EM structure. (A) End-on and side views of the TRiC complex. Same color scheme as in Fig. 1. (B) Cartoon diagram illustrating the arrangement of the 16 subunits in the two rings. We denote the TRiC subunits only by their CCT number. (C) Summary of near neighbors TRiC subunits identified by chemical cross-linking. Neighboring subunit pairs consistent with the indicated models are marked with a "+," and those inconsistent with the indicated models are marked with a "−." (48) shows that over 95% of the dihedral angles fall within allowable regions.
(35) and our recently developed 2D fast rotation matching method (FRM2D) (36, 37) for the image alignment was critical in achieving the final resolution. This approach provided unprecedented resolution for an asymmetric structure by cryo-EM and allowed the unambiguous identification of the TRiC subunit arrangement.
Our TRiC structure has a number of important biological and mechanistic implications. First, it shows that each type of subunit has a fixed position within the ring, as suggested previously based on biochemical and genetic data (38) . It also identifies the location of a 2-fold axis between the rings and reveals a unique interring arrangement that produces three pairs of heterotypic interring contacts, [CCT3(γ)-CCT4(δ), CCT2(β)-CCT5(ϵ), and CCT6(ζ)-CCT7(η)], and two sets of homotypic interring contacts, namely, CCT8(θ)-CCT8(θ) and CCT1(α)-CCT1(α). This unexpected subunit arrangement has important implications for the assembly mechanism and allosteric regulation of TRiC. Like other chaperonins, TRiC exhibits positive intraring cooperativity and strong negative interring cooperativity (15, 39) . Interestingly, close analysis of the interring contacts for the various subunit pairs reveals different types of interfaces, with some pairs exhibiting a more extensive set of contacts (Fig. 3A) . These data may open the way for understanding the molecular basis of the negative cooperativity, likely achieved through interring contacts (15) . Furthermore, it has been proposed that the positive intraring cooperativity follows a sequential KNF model, whereby the conformational change is initiated at a specific subunit (39) . Because this would be determined by the chemical and enzymatic properties of the individual subunits within the ring, as well as the substrate, identifying the subunit arrangement is critical to test this mechanism.
Our model also provides insights into the unique ability of TRiC to fold certain substrates. The eight different subunits appear to bind different motifs within nonnative substrates and thus may position their folding intermediates in a set of defined orientations. Lid closure confines the substrate to the inner chamber, where folding of stringent substrates takes place (14) . In the group I bacterial chaperonin GroEL-ES, the inner chamber of the closed cis-ring is polar, and the pattern of charges in the chamber is important for the folding ability of GroEL (40) . We thus computed the electrostatic surface property of TRiC from our model and compared it with those of the thermosome, an archaeal group II chaperonin, and GroEL-ES (Fig. 5) . TRiC, like the thermosome (Fig. 5E and Fig. S7B ) and GroEL-ES (Fig. 5F and Fig. S7C) , has a large proportion of hydrophilic residues lining the inner surface of the closed chamber (Fig. 5D and Fig. S7A) . Notably, both TRiC (Fig. 5D) and thermosome (Fig. 5E ) have a lower percentage of hydrophobic residues lining the chamber than GroEL-ES (Fig. 5F ). Although the charge distribution in both thermosome (Fig. 5B) and GroEL-ES (Fig. 5C ) is symmetrical, we observe varying surface properties among the different subunits of TRiC (Fig. 5A) ; e.g., CCT6(ζ) is more positively charged, whereas CCT2(β) is more negatively charged. Notably, the wall of the TRiC chamber is dominated by positively charged patches (Fig. 5A) , particularly on the side containing subunits CCT1(α), CCT6(ζ), CCT2(β), and CCT3(γ). The thermosome (1A6E) closed cavity is also dominated by positive charges, but unlike TRiC, the charge distribution is symmetric (Fig. 5B) . In contrast, the inner chamber of GroEL-ES is dominated by negatively charged patches (41) .
The differences between TRiC and other simpler chaperonins, particularly the diversified surface properties of the inner chamber of TRiC, might be related to TRiC's differential ability to fold some substrates that cannot be folded by other chaperones. Our structure will open the way to understand the mechanism and physical properties that underlie this selectivity. 
Materials and Methods
TRiC sample purification (42) and cryoEM sample preparation follow our established procedures (14) . Data were collected on a JEM3200FSC electron microscope with an in-column energy filter (energy slit of 15 eV) under the following condtions: 300 kV, ∼50; 000x magnification, ∼20 electrons∕Å 2 dose, and 101 K specimen temperature. Images were recorded on Kodak SO163 film and digitized on a Nikon 9000 ED scanner with a 1.2 Å∕pixel sampling. The majority of the defocus ranges from 1.2-2.7 μm.
Approximately 160,000 particles were selected from 1,500 micrographs with the EMAN2 tool e2boxer. Contrast transfer function parameters were determined using ctfit of EMAN (27, 28, 43) . A recently developed FRM2D algorithm for image alignment (36, 37, 44) , available in EMAN 1.8þ (frm2d option in refine program), was adopted in the refinement steps. We used a previously determined 15-Å resolution 8-fold symmetrized map of closed TRiC (13) as the initial model of the reconstruction. Other than that, in the asymmetric reconstruction and refinement process, no symmetry was imposed. The final map was computed from ∼101; 000 particle images, after eliminating particles that were not consistently classified in the same orientation between iterations. The map resolution was based on the 0.5 Fourier shell correlation (FSC) criterion (45) . The final map was filtered and scaled to optimized map resolvability (46, 47) .
Detailed procedures about map similarity analysis, homology model building and model optimization, and cross-linking and nearest-neighbor analysis are provided in SI Materials and Methods.
